Guanosine diphosphate D-glucose: D-glucose-6-phosphate 1-glucosyl-transferase was purified approximately 100-fold from extracts of Streptomyces hygroscopicus. The purified enzyme catalyzed the transfer of glucose from guanosine diphosphate-D-glucose to glucose-6-phosphate to form trehalose phosphate and guanosine diphosphate. The enzyme was specific for these two substrates and was stimulated by the addition of magnesium ions. The product was characterized as a-a-trehalose-6-phosphate by its physical and chemical properties. The enzyme was present in a large number of Streptomyces species, suggesting that this group of organisms synthesized trehalose phosphate in a unique manner. This enzyme was not detected in fungi, since these organisms utilized uridine diphosphate-D-glucose as the glucosyl donor.
Trehalose is widespread in nature; it is found in bacteria, yeast, fungi, plants, and invertebrates (1) . It appears to function as a reserve food material.
The synthesis of trehalose was first demonstrated in brewers' yeast by Cabib and Leloir (2) . In this organism, the reaction proceeded as follows: UDP-D-glucose + D-glucose-6-P a ,a-trehalose phosphate + UDP A similar reaction occurred in insects (3, 16) , in Mycobacterium tuberculosis (10) , and in Dictyostelium discoideum (24) .
Recently, a new enzyme was detected in crude cell-free extracts of Streptomyces hygroscopicus which catalyzed the synthesis of trehalose phosphate with guanosine diphosphate (GDP)-Dglucose as the glucosyl donor. Other sugar nucleotides, including uridine diphosphate (UDP)-D-glucose, were inactive with these extracts (6) .
In this report, the purification and properties of this new enzyme, GDP-D-glucose:D-glucose-6-phosphate (P)l-glucosyl-transferase, are de- scribed. The reaction involved the transfer of glucose from GDP-D-glucose to D-glucose-6-P to form a ,a-trehalose-6-P and GDP. This enzyme was found in all Streptomyces species but could not be detected in Saccharomyces cerevisiae or fungi.
A portion of this investigation was presented in preliminary form (Bacteriol. Proc., p. 110, 1967).
MATERIAL AND METHODS

Materials. GDP-D-glucose-J4C and UDP-D-glucose-
14C were prepared by a modification (5) of the method of Roseman et al. (23) . GDP-D-glucose was also prepared by this method or was purchased from Calbiochem, Los Angeles, Calif. UDP-D-glucose-'4C was also purchased from New England Nuclear Corp., Boston, Mass. Calcium phosphate gel was prepared as described by Colowick (4) . All other chemicals were obtained from commercial sources.
Analytical methods. Hexose was determined by the anthrone method (15) ; reducing sugar by the method of Nelson (19) ; phosphate by the procedure of Fiske and SubbaRow (9) ; and protein by the method of Sutherland et al. (25) or by its absorption at 280 and 260 nm as described by Kalckar (13) . Nucleotides were determined spectrophotometrically with a Zeiss spectrophotometer. Periodate oxidations were performed as described by Horecker et al. (12) . Radioactivity was determined quantitatively in a Packard liquid scintillation spectrometer. 1623
For determining the stoichiometry of the reaction, -the various components were measured as follows: glucose-6-P by the reducing sugar test; GDP-D-glu--cose by the increase in reducing sugar after mild acid hydrolysis (0.1 N HCl for 10 min at 100 C); trehalose phosphate by the anthrone method after destruction -of GDP-D-glucose and glucose-6-P by acid and alkaline hydrolysis (2); GDP spectrophotometrically after isolation by paper chromatography in solvents I -or II. All determinations were performed in triplicate.
Chromatographic methods. The following solvent systems were used in descending paper chromatogra-,phy on Whatman no. 1 paper: I, ethyl alcohol-I M ammonium acetate, pH 7.5 (7:3); II, isobutyric acidconcentrated ammonium hydroxide-water (57:4:39); III, ethyl acetate-concentrated acetic acid-water (3:3:1); IV, n-propanol-ethyl acetate-water (7:2:1); V, n-butyl alcohol-pyridine-0.1 N HCI (5:3:2). Sugars -were detected with the alkaline silver nitrate reagent (26) . Radioactive areas of the papers were detected by scanning with 4 7r geometry. Paper electrophoresis -was performed on Whatman no. 3 paper in 0.2 M -ammonium formate buffer, pH 3.6, with a Savant flat plate apparatus.
Culture conditions. Streptomyces species were grown and harvested as previously described (8 Purification of GDP-D-glucose: D-glucose-6-PI glucosyl-transferase assay of the enzyme. Two different methods were used to determine enzymatic activity. One of these was a radioactive method involving the use of GDP-D-glucose-'4C, whereas the other was a colorimetric procedure utilizing unlabeled GDP-Dglucose. The radioactive assay involved paper electrophoresis and, therefore, was time consuming, thus it was convenient to follow puirfication by the colorimetric method. However, since the radioactive assay was more reproducible, each of the experiments was also performed by this method.
In the colorimetric method, reaction mixtures contained the following (in micromoles) in a final volume of 0.2 ml: GDP-D-glucose, 0.5; glucose-6-P, 0.5; MgCl2, 0.6; Tris buffer (pH 7.5), 5.0; and an appropriate amount of enzyme. Tubes were incubated at 37 C for 10 min unless otherwise specified. Control tubes were prepared in which GDP-D-glucose, enzyme, or some other component was added after incubation. The assay was essentially that described previously (2) , and it involved the anthrone method for the detection of trehalose phosphate after destruction of GDP-D-glucose and glucose-6-P by acid and alkaline treatment.
For the radioactive assay, reaction mixtures contained the following (in micromoles) in a final volume of 0.1 ml: GDP-D-glucose-14C, 0.25 (13,000 counts/ min); glucose-6-P, 0.25; MgCl2, 0.3; Tris buffer (pH 7.5), 5.0; and an appropriate amount of enzyme. After incubation for 10 min at 37 C, HCl was added to a final concentration of 0.4 N, and tubes were heated at 100 C for 10 min. The complete incubation was subjected to paper electrophoresis, and the radioactivity in the trehalose phosphate was then determined (6) .
Preparation of crude extract. Cell paste (20 g) was suspended in 100 ml of 0.02 M potassium phosphate buffer (pH 7.0), containing 0.005 M fl-mercaptoethanol, and was subjected to sonic disruption (Bronwill Sonifier). The suspension was centrifuged at 20,000 X g for 20 min. The supematant fraction contained the enzymatic activity. All steps were conducted at 0 to 4 C unless otherwise specified. Precipitation with MnC12. To 100 ml of crude extract was added 5 ml of 1 M MnCl2. The mixture was maintained at 0 C for 5 min with occasional stirring, and was then centrifuged at 20,000 X g for 15 min. The supernatant fluid contained the enzymatic activity.
Calcium phosphate gel adsorption and elution. To 100 ml of supernatant fluid from the above step was added 300 ml of calcium phosphate gel (15 mg/ml). The solution was stirred for several minutes. The calcium phosphate gel was removed by centrifugation, and the supematant fluid was discarded. The enzyme was eluted from the gel by a number of treatments with 0.02 M potassium phosphate buffer (pH 7.0), containing 0.005 M mercaptoethanol. In each case, the gel was homogenized in 40 ml of buffer with a glass-stirring rod, and the suspension was allowed to stand for a few minutes. The Fig. 1 and 2 ). Although the colorimetric method showed good proportionality (Fig. 2) , it was more difficult to reproduce from time to time. This may have been caused by interfering materials in the enzyme preparations. However, since the colorimetric method was much quicker, preliminary experiments were generally made with this method and subsequently confirmed by the radioactive assay.
The effect of concentration of GDP-D-glucose on trehalose phosphate formation is shown in Fig. 3 . The reaction was proportional to GDP-D-glucose concentration to about 10-3 M, and the Km was estimated to be 7 X 10-1 M. The reaction was also proportional to glucose-6-P concentration to 10-3 M, and the Km for this substrate was also estimated to be 7 X 10-4M (Fig. 4) .
Substrate specificity. The formation of trehalose phosphate was found to be relatively specific for GDP-D-glucose and D-glucose-6-P as substrates. Assigning an arbitrary value of 100 to the activity with GDP-D-glucose, other sugar nucleotides exhibited the following relative activities: adenosine diphosphate-D-glucose, 5; cytidine diphosphate-D-glucose, < 1; thymidine diphosphate-D-glucose, < 1; UDP-D-glucose, 1.
Other sugar phosphates could not replace D-glucose-6-P as the glucosyl acceptor. Less than 5% of the activity was detected with any of the following sugar phosphates: D-mannose-6-P, D-fructose-6-P, D-glucose-l-P, D-galactose- Stoichiometry of the reaction. With the radioactive assay, it was found that for every mole of GDP-D-glucose-"4C used in the reaction, 1 mole of '4C-trehalose phosphate was formed (Fig. 5) Characterization of a,a-trehalose-6-P. The product was previously identified as trehalose phosphate (6) . To determine the anomeric configuration, 18 Aumoles of product were isolated from a large-scale incubation involving 40 ,umoles of GDP-D-glucose-'4C (106 counts/min).
The product was isolated by paper electrophoresis and further purified by ion-exchange column chromatography on Dowex 1-formate (15) followed by paper chromatography in solvent III. The optical rotation of this material was At the end of the incubation, tubes were assayed by the colorimetric and radioactive methods. Both methods gave essentially the same results. tography in solvents IV and V and was converted to its octaacetate derivative (7) . The "4C-trehalose octaacetate (50,000 counts/min) was mixed with 80 mg of authentic a , a-trehalose octaacetate, and the mixture was recrystallized from ethyl alcohol a number of times. The specific activity remained constant through four recrystallizations as follows (counts per minute per milligram): 1st, 556; 2nd, 600; 3rd, 600; 4th, 591.
The product was completely hydrolyzed in 4 to 5 hr in 1 N H2SO4 at 100 C as was authentic a,a-trehalose phosphate. The products of hydrolysis were identified as glucose and glucose-6-P in approximately equal amounts. On oxidation with periodate, the sample consumed 3.7 moles of periodate per mole over a period of 3 to 4 days, as did authentic a,a-trehalose-6-P.
Distribution of GDP-D-glucose: D-glucose-6-P 1-glucosyl-transJerase. The enzyme catalyzing the synthesis of trehalose from GDP-D-glucose-14C and glucose-6-P is present in a large number of different Streptomyces species, although to widely varying degrees (Table 2 ). In each of these cases, UDP-D-glucose-'4C was also tested as a possible substrate, since it had previously been shown to be a precursor in other organisms.
However, in all streptomycetes examined, this sugar nucleotide was inactive (Table 2) .
In several fungi and the yeast S. cerevisiae, UDP-D-glucose-14C rather than GDP-D-glucose-14C was the glucosyl donor for trehalose synthesis (Table 3) . Thus, there appear to be two different enzymes for trehalose phosphate synthesis: one requiring GDP-D-glucose as the glucosyl donor, and the other utilizing UDP-D-glucose. Assay mixtures were as described and contained 0.1 ml of crude extract. Trehalose formation was determined as described following paper chromatography. The results are expressed as counts per minute per milligram of protein.
trehalose phosphate) probably functions as a storage compound as in the case of yeast (1) . a, a-Trehalose has been isolated in relatively large amounts from several streptomycetes (7) . Further, two other enzymes have been detected in S. hygroscopicus and are involved in the metabolism of trehalose. One of these is a phosphatase which converts trehalose phosphate to trehalose; the second is a trehalase which cleaves trehalose to two molecules of glucose (A. E. Hey and A. D. Elbein, unpublished data). The purification and properties of the trehalase are described elsewhere (11) . These enzymes presumably catabolize the storage substance trehalose phosphate (or trehalose) to a readily utilizable form, glucose. J. BACrEUOL.
In addition to its apparent importance as a storage compound, trehalose also may have other functions. Thus, a,a-trehalose-6,6'-dimycolate was isolated from M. tuberculosis (20, 21) and identified as the cord factor (20) . Also, a phosphorylated form of this sugar, identified as a,catrehalose-6, 6'-diphosphate, was isolated from M. tuberculosis (17) and shown to be a degradation product of a,a-trehalose-6',6'-dimannosyl phosphate (18) 
